Abstract. The measurement of deformations, displacements, strain fields and surface defects in many material tests in Civil Engineering is a very important issue. However, these measurements require complex and expensive equipment and the calibration process is difficult and time consuming. Image processing could be a major improvement, because a simple camera makes the data acquisition and the analysis of the entire area of the material under study without requiring any other equipment like in the traditional method. Digital image correlation (DIC) is a method that examines consecutive images, taken during the deformation period, and detects the movements based on a mathematical correlation algorithm. In this paper, block-matching algorithms are used in order to compare the results from image processing and the data obtained with linear voltage displacement transducer (LVDT) sensors during laboratorial load tests of T-beams.
Introduction
Since the 80's, several works about digital image correlation techniques are under development in order to obtain an accurate knowledge of the displacement field [1] [2] [3] . The general idea behind digital image processing techniques is to calculate the displacement field or the strain field without contact and using a simple low cost camera. The research aims to reduce the computation time and to increase the accuracy of the system. When conventional methodology is used the number of the measured points takes a huge importance because they increase the hardware, the time to get the setup ready and the costs. Using image analysis techniques the density of the measured points can be very high. As an example, a trivial image of 1024 by 1024 pixels can be used to obtain a continuous information field with more than 4000 analysis points.
In our previous work [4] the three-step search (TSS) [5] algorithm was studied, especially the simple and efficient (SES) algorithm. A partnership between researchers from the Civil Engineering Department and the Electrical Engineering Department, of the Universidade Nova de Lisboa (UNL) made possible to explore the traditional methodology used in Civil Engineering measurements, which requires a complex and expensive sensorial setup and a very complex calibration process. In this work we compare the results of the traditional approach with the results obtained by digital image processing techniques.
In this paper the purpose is to use the adaptive rood pattern search (ARPS) and compare it with the data obtained with physical sensors [6] . In this paper only two concrete beams are compared. Although concrete has by itself a good texture a speckle pattern was applied to the T-beams surfaces in order to get an easier image processing (in this paper a random dot pattern was applied). The work developed so far shows that resolution versus specimen dimensions, focal length, distance between camera and specimen, distortion and the speckle pattern are some of the factors that influence the most the measurements error. In order to choose the most promising correlation technique several tests were conducted, such as the comparison of different block matching algorithms and the use of the edge detection techniques. As shown in the previous work, [4] the TSS algorithm shows to be more adequate than edge detection techniques. However, some research questions such as what kind of correlation technique is more efficient or how to increase the accuracy of the system without increasing computation time are still open. Another open issue is what should be the relationship between the entire image and the number of target points. The comparison between the image processing results and the information obtained by the LVDT sensors will be used to establish this relationship.
In [7] a non-touching strain measurement method that covers a pre-defined area is presented. In this work several tests were carried out on RC beams with a span of 4.5 m and the results were compared to the traditional electrical strain gauges. A speckle pattern correlation was used and a photo was taken every 30kN until rupture. In this work a camera film was used and the film was scanned with a high quality scanner. The picture was divided into 128x128 sub-pictures and then subjected to a threshold. The centre of gravity of the resulting black & white picture was then calculated. With this methodology and the speckle correlation it was possible to find the same subpicture in the second loading condition and therefore estimate the deformation. Despite the good results obtained by this methodology it is significantly dependent on the threshold value and therefore varying with the illumination conditions, speckle pattern and image acquisition parameters. In our work we look for a more stable and conditions independent solution for this problem.
Contributions to Sustainability
Image processing analysis is used in many situations for earth observations such as resource managements, soils mapping, water resources, etc. The measurements made by image processing simplify the maintenance of local materials, the waste or loss of sensors and human resources are best applied.
With measurements without contact, fewer materials are used which implies reduction of costs and energy. In our tests the same system could analyze several materials with no duplication of the sensors. So it is possible to contribute to a better world with reduction of plastics, iron, and energy.
ARPS -Block Motion Algorithm
The basic idea of block motion estimation is to divide the current image into a matrix of blocks and then compare these blocks with the previous image in order to calculate the displacement vectors. T delimited search area, p pix square side of 16 and the se Block-based motion es movement. In (Fig. 1) it is compared. At left is the no also possible to see the grid The methodology for estim with the unique pattern in e
Fig. 1. At left is a no deformed in sub region of 16x16 pixels
The match block algorit normally used is the mea (MAD). In this work the M In most cases adjacent b left, above, above-left and calculate the predicted the could be used (Fig. 2) . In memory. For the initial search, th metrical rood pattern plus t equal length (Fig. 3) .
The size of the rood pat (i.e. the motion vector of points is necessary to comp calculated in (1), The current block is searched in the previous image i xels around the current block. In our tests a block take earch parameter p is 7. stimation assumes that objects move in a translatio s possible to see an example of two images that could on deformed image and at right the deformed image. I d of 16 x 16 pixels and the random pattern that was appl mation of displacement uses the intensity of the pixel each sub-region makes it possible to find the displaceme d image and at right is the deformed image; images are sub-div thm chosen is based on the least cost. The cost funct an square error (MSE) or the mean absolute differe AD function was used in order to save computation tim blocks have similar motions. The block on the immed above-right of the current block are the most importan motion vector (MV) [8] . Four types of region of supp this paper the type D was chosen because it requires l e blocks market by "O" are on each case the current block and used for predicted the MV he ARPS algorithm evaluates the four endpoints in a sy the predicted MV. The four arms of the rood pattern are ttern is equal to the length of the predicted motion vec the immediate left of the current block). In each sea pute the MAD function. The square and the root square operations drawn in (1) require a lot of computation time. Therefore instead of (1) it is possible to use a simplification that only requires the highest magnitude of the two components of the predicted MV (2).
(2)
When it is not possible to apply the type D of the ROS, the value 2 is chosen for the size of the arm length (i.e. Γ=2). The minimal matching error (MME) point found in the current step will be re-positioned as the new search center of the next search iteration until the MME point is found as the center of the fixed pattern.
Results
Several load tests have been carried out in order to compare the results obtained by the image processing techniques with the information acquired by a classical measurement system. These tests [6] uses two reference T-beams and three T-beams strengthened with different FRP techniques. In this paper only the results from TSC1 and HB2 are used. The image acquisition conditions for these tests are shown on Table 1 . Each image is divided in sub regions of 16 x 16 pixels (~4.4 mm x 4.4mm).
The TSC1 beam was used as reference without any additional flexural reinforcement and the HB2 beam was reinforced with 3 bonded GFRP sheet layers. The T-beams had a 3m span by 0.3m heights and were tested until rupture in a 4-point 
bending test system. All the tested beams followed a monotonic loading history. The deflection control was granted by seven standard 100mm LVDT, displayed along the longitudinal direction of the beam. At the mid-span, a wire-controlled transducer (500mm) was used together with the LVDT (100mm) in order to obtain the results of larger deformation, if needed during the post-collapse of the test. The data from the LVDT at the mid-span was used for the comparison with the data obtained with the image system analysis.
The image acquisition for TSC1, and HB2 was done with a digital Cannon EOS 400D camera with a resolution of 3888x2592 and two spots of 500W each guaranteed artificial light. The artificial lightning was used in order to maintain a constant light environment. All the images were captured on RAW format and then convert to TIFF format for image processing with MATLAB.
Before the data acquisition it was necessary to make the preparation for the image acquisition system (Fig. 4) and the sensor data system acquisition. The T-beam was initially prepared with an underlying painting of white mate ink and then with a superimposed random speckle pattern manually painted using a large brush with mate black ink. All the digital measurements are done at a distance without any particular or long calibration, having a low cost support, and they are easy to implement in the T-beam test setup.
The photos were taken with intervals of 30 seconds. In first image of the test, the area of interest is over and at the end is down (Fig. 5) . In some load tests the displacement could be large.
The digital image processing system compares two adjacent images in order to evaluate the displacement. These results are compared with the results acquired with one of the real sensors used and this evaluation can be seen in a graph of the displacement versus time (d vs. t).
In a non-contact strain measurement it is possible to analyze a small area of interest and a large one with the same hardware conditions. Moreover, this technique can be compared with non-linear software based on the finite element analysis (FEA) in order to corroborate the strain fields in the T-beam structure. (Fig. 6) . r diagram shows the compressive vertical load applied know the implication of the entire T-beam we have a entire T-beam. as used in the region of the image associated with the po experiment (TSC1 and HB2), it is possible to visualize ment versus time (d vs. t) (Fig. 7) .
tes that a major crack is found and in this situation the roblems. The error, before crack situation, was 0.4 mm B2. The error can be reduced if we reduced the inter The evaluation of force versus displacement (F vs. t) is also shown (Fig. 8) and it is also possible to visualize that our system is close to the real sensors.
Conclusions
The comparison between the measurements from LVDTs sensors and the measurements obtained from image processing techniques revealed to be very similar. Thus, the image processing technique used seems to be a very promising technique for measurement displacements with a much lower investment and much faster and easier setup.
The results obtained in this study shows that it is possible to continue and explore this subject and test the whole area of a T-beam in order to compare with the remain LVDTs sensors. Moreover, a strain field of the T-beam in study can be reproduced and compared to other techniques of modeling structures such as FEA, in order to calibrate and validate the image processor technique. The research will eventually provide software that enables a real time monitoring of the RC structure during the experimental test. In spite of using median and high pass filter amongst others preprocessing image technique, the results does not show a significant improvement. It is important in future work to analyze the influence of the regular pattern and also increase the resolution of the image acquisition in order to obtain more precise results.
